We present a comprehensive analysis on the MSSM Higgs sector CP violation at photon colliders including the chargino contributions as well as the contributions of other charged particles. The chargino loop contributions can be important for the would-be CP odd Higgs production at photon colliders.
I. INTRODUCTION
The discovery of Higgs boson(s) at the current/future colliders is one of the most important goals of high energy particle physics experiments. Its (non)discovery would be crucial for testing our present understanding of the origin of electroweak symmetry breaking (EWSB) and the subsequent generation of masses of electroweak (EW) gauge bosons and chiral fermions in the Standard Model (SM). This would be also true of the Minimal Supersymmetric Standard Model (MSSM), which is the most popular candidate for the new physics beyond the SM.
The Higgs sector in the MSSM possesses three neutral Higgs particles: two CP-even neutral scalars (h and H), one CP-odd neutral scalar (A), and a pair of charged Higgs scalars (H ± ) [1] . The tree-level MSSM Higgs potential does not allow spontaneous CP violation unlike general two-Higgs doublet model. Even if one include the one-loop corrected effective potential for the Higgs sector, the spontaneous CP violation [2] can not be realistic, because the resulting lightest neutral Higgs boson should be far less than the current lower limit on the Higgs boson [3] . Still, there are many new explicitly CP violating complex parameters in the soft supersymmetry (SUSY) breaking sector of the MSSM Lagrangian, and some of them can have large phases (without conflict with the electron/neutron electric dipole moment (EDM) constraints), and thus can lead to some observable consequences in various CP violating phenomena in K and B decays [4] and electroweak baryogenesis [5] , etc.. Especially, the complex phases of the stop and sbottom trilinear couplings A t,b and the Higgsino mass parameter µ can cause the mixing between CP-odd and CP-even neutral Higgs bosons in the neutral Higgs sector via loop corrections in the MSSM, namely, the Higgs sector CP violation [6] .
In most phenomenological studies of the MSSM, the large SUSY CP violating (CPV) phases were usually neglected, since they may lead to large EDMs of electron and neutron, or ǫ K , depending on whether they are flavor preserving (FP) or flavor changing (FC). The SUSY CPV phases are assumed to be very small, so that the only source of CP violation would be the single Kobayashi-Maskawa (KM) phase in the CKM mixing matrix in the charged weak current of down type quarks. In this case, the SUSY effects on K and B phenomenology are minimal in the sense that deviations from the SM predictions are quite small. However one can consider large FP SUSY CPV phases, since one can avoid the EDM constraints in basically three different ways:
• Decoupling (Effective SUSY Model): The 1st/2nd generation sfermions are heavy (and degenerate to some extent) enough, so that the SUSY CP and ǫ K problems are evaded. Only third generation sfermions and gauginos have to be lighter than O(1) TeV in order that one solves the gauge hierarchy problem by SUSY [7] . In this case, the SUSY CPV phases need not be zero, and they can lead to substantial deviations from the SM cases, especially for the third generation. In this scenario, B factories may be able to probe the SUSY CPV phases from direct asymmetry in B → X s γ and the lepton forward-backward asymmetry in B → X s l + l − , etc..
• Cancellation: Various contributions to electron/neutron EDMs may cancel one another, leading to the net results which are consistent with experimental lower bounds [8] . In this case, many of the SUSY CPV phases can be O(1) as in the decoupling scenario. However this scenario is tightly constrained when the data on the mercury ( 199 Hg) atom EDM is included [9] .
• Non-universal Scenario: |A e |, |A u,c |, |A d,s | < ∼ 10 −3 |µ| to evade e/n EDM's, but A t , A b , A τ can have large CP violating phases [10] . However there is a strong twoloop Barr-Zee type constraint for large tan β. Therefore large CPV phases can be allowed in this scenario and decoupling scenario only for tan β < ∼ 20 − 30.
The reliable determinations of the neutral Higgs sector CP-violation in the MSSM can be achieved by observing the CP-properties of all the three neutral Higgs particles directly. Higgs bosons can be produced in γγ collisions via one-loop diagrams in which all the possible charged particles participate. The s-channel resonance productions of neutral Higgs bosons in γγ collisions have been considered as crucial tools of studying the CP properties of Higgs particles [11, 12] . Because the polarizations of the colliding photons can strongly govern both the γγ luminosity spectrum and the cross sections, obtaining the highly polarizated photon beams is important to Higgs boson detections. This is possible by Compton backscattering of laser photons off the linear collider electron and positron beams which can produce high luminosity γγ collisions with a wide spectrum of γγ center of mass energy [13] .
In particular, one can observe CP violating effects through the s-channel resonance for CP-odd neutral Higgs particle production in the linear collider. Due to the mixing effect between the CP-odd and CP-even neutral Higgs bosons, there are the additional loop contributions of charged scalars and vectors to the would-be CP-odd neutral Higgs H 2 production in γγ collision, resulting in the enhanced production cross section. In Ref. [14] , the CP violation of the neutral Higgs sector at a photon collider was studied using the s-channel resonance production cross sections and the polarization asymmetries of Higgs particles for 3 ≤ tan β ≤ 10. In the loop diagrams relevant to γγ → neutral Higgs bosons, the contributions of charginos were neglected by assuming that they were heavy enough to be decoupled from the productions of the Higgs bosons. However, charginos are not much heavier than the lighter stop in many SUSY breaking scenarios, and their effects should be included in a realistic analysis. The current lower limit on the lighter chargino mass from LEP II experiment is only Mχ− 1 > 103 (83.6) GeV for mν > (<) 300 GeV in the minimal supergravity scenario [15] . It is even less stringent in the AMSB scenario: Mχ− 1 > 45 GeV. Therefore we include the chargino contributions to γγ → H k=1,2,3 , and investigated their effects when other parameters are fixed as Ref. [14] .
In this work, we investigate the neutral Higgs productions at γγ collisions, including the chargino loop contributions as well as other charged particles in the MSSM, and study the CP properties of the MSSM Higgs sector. This paper is organized as follows. In Section II, we review briefly the loop-induced CP violation and the mixing of CP-even and CPodd Higgs bosons in the neutral Higgs sector of the MSSM. In Section III, we derive the cross sections for the Higgs productions in γγ collisions and the polarization asymmetries in terms of two form factors appearing in the γγ → H k=1,2,3 amplitudes. In Section IV, we present detailed numerical analyses and discuss the potential importance of chargino loop contributions to the CP violation in γγ → H k . The formulae for the chargino and stop mass matrices, their eigenvalues and the corresponding mixing matrices are given in Appendix A. The interaction Lagrangians relevant to γγ → H k are recapitulated for both convenience and completeness.
II. THE NEUTRAL HIGGS SECTOR IN THE MSSM
The MSSM Lagrangian possesses many new CP violating phases in the soft SUSY breaking terms in addition to the KM phase in the CKM matrix element. Using Peccei-Quinn U(1) PQ and U(1) R symmetries, we can redefine some parameters to be real. We will work in the basis where Bµ and the wino mass parameter M 2 are real. In the MSSM, the Higgs potential is CP-conserving at the tree level and only the soft terms (and the usual CKM mixing matrix) can have CP violating phases. However, CPV phases in soft terms can induce CP violation in the effective potential of Higgs bosons through quantum corrections involving squarks and other SUSY particles in the loop. The effective potential of the Higgs fields at the one-loop level 1 can be written as
The interaction Lagrangian between the charginos and three neutral Higgs bosons is [20] L(H jχ
(with j = 1, 2, 3 and k, l = 1, 2) where
In this work, it suffices to keep κ j kk only, since we consider the chargino loop contribution to γγ → H i . Note that there are two CP violating phases (ξ and θ µ = arg(µ)) in the couplings κ j kk . Also note that the H j −χ + k −χ − k couplings arise from the Higgs-gauginoHiggsino couplings in the current basis. Thus the chargino loop effects will be maximized if the wino-Higgsino mixing is large. This requires µ ≈ M 2 . In our study, however, we are interested in large µ parameter (which we fix to |µ| = 1.2 TeV) in order to have large CP mixing between CP-even and CP-odd Higgs bosons from the stop loop. Then the charginos become too heavy to be relevant to γγ → H i . For a smaller wino mass parameter M 2 = 150 GeV, the wino-Higgsino mixing becomes smaller, but the lighter chargino mass becomes also very light, and the loop function will be enhanced. The net result turns out that the light chargino loop effects are important for the reaction γγ → H i even if the lighter chargino is dominantly a wino state (M 2 << |µ|).
The amplitudes for γ( 2, 3) can be defined in terms of two form factors A i (s) and B i (s) as follows in a model independent way (we closely follow the convention of Ref. [14] in the following):
where
. Including the chargino loop contributions, the CP-even form factors
The CP-even functions
are given in Ref. [14] . We confirmed their results and reproduced them and the related form factor loop functions in Tables 1 and 2 for completeness. The chargino contribution to A form factor is
and other loop functions defined in Table II ) depends on the scaling function f (τ ) [1] :
On the other hand, the CP-odd form factor B i have contributions only from the fermion loops and not from the boson loops:
where B f i are given in [14] (see also Tables 1 and 2) , and the chargino contributions are
. Therefore, when a CP-odd Higgs boson A is produced in γγ collision in the CP-conserving limit, only fermion loops (not boson loops) contributes to the production reaction.
It is also convenient to define two helicity amplitudes M ±± by
where λ 1,2 = ± are photon helicities. Then, in the narrow-width approximation, the partonic cross sections of the s-channel Higgs productions [14] are
By using the amplitudes of γγ
, we can also obtain the unpolarized decay rates of the neutral Higgs bosons into two photons,
The Higgs sector CP violation can be measured in the following three polarization asymmetries A a (a = 1, 2, 3) [12] which are defined in terms of two independent helicity amplitudes:
In the CP-conserving limit, one of the form factors A i and B i must vanish, so that A 1 = A 2 = 0, and A 3 = +1(−1) for a pure CP-even (CP-odd) Higgs scalar. ¿From the definition of the function f (τ ) in Eq. (11), we find that the form factors A i and B i may be complex, when the Higgs masses M H i are two times larger than the particle mass in the loop. This will induce rich structures in the polarization asymmetries A a as functions of Higgs masses and other SUSY parameters in the presence of Higgs sector CP violation.
IV. NUMERICAL ANALYSES
CP violation in the neutral Higgs sector through the stop loop with the complex A t parameter always appear in the combination of arg(A t µ). In the following numerical analyses, we assume that the µ parameter is real and positive, in order to simplify the discussions. For the complex µ parameter, the chargino mass marix will contain CPV phase, thereby there would be additional CP violating effects in the chargino loop contributions to γγ → H i . However, this CP violating effect is independent of the CP violation in the neutral Higgs sector through the mixing between the CP-even and the CP-odd Higgs bosons. Since our focus in this work is to examine the reaction γγ → H i in the presence of Higgs sector CP violation through the mixing, we ignore complex phase in the chargino sector. We also assume A t = A b for simplicity even if these couplings are independent in general. The CP violating phase arg(A t ) is varied between 0 and 2π. Also we choose the same parameters as Ref. [14] (except for the wino mass parameter M 2 ) in our numerical analyses in order to investigate the chargino contributions more clearly;
Using these parameter set, we investigate in detailσ 0 (γγ → H i ) and A a (H i ) for two different values of tan β = 3 and tan β = 10 as functions of each Higgs boson mass (M H k ) and CP violating phase arg(A t ) with/without chargino loop contributions. As discussed in Section II, we do not consider a very large tan β case, since the A t phase is strongly constrained by the two-loop Barr-Zee type contributions to the EDMs of electron and neutron. Note that the chargino contributions to the Higgs mixing are negligible [17] for our choice of tan β = 3 and tan β = 10. It turns out the Higgs sector CP violation is most prominent in the would-be CP-odd Higgs boson H 2 production at photon colliders. Therefore we first discuss the production of the would-be CP-odd Higgs scalar. In Fig. 1 , we show the production cross section for γγ → H 2 as a function of M 2 in the CP conserving limit (arg(A t ) = 0
• ) for tan β = 3 (on the left side) and tan β = 10 (on the right side), respectively. In both cases, we assumed µ = 1.2 TeV, and we set M H + = 300 GeV so that M H 2 = 291 (290) GeV for tan β = 3 (10), respectively. The solid (dashed) curve represents the case with (without) chargino contributions. For arg(A t ) = 0
• (thick solid curve), H 2 will be the pure CP-odd state (A) for our parameter set (20) , since we can neglect the effects of charginos on the Higgs mixing due to tan β < ∼ 20 [17] . In this case,σ 0 (γγ → H 2 ) has only the fermion loop contributions, since the couplings of H 2 to the sfermion pairs, the charged Higgs-boson and W -boson pairs vanish in the CP conserving limit. The cross section for γγ → H 2 without chargino loop contributions is independent of M 2 (the horizontal dash-dotted lines), and are quite small ( < ∼ 1 fb). The bottom-quark contribution is negligible compared to the top-quark contribution for two reasons: (i) the small b quark mass and (ii) the smaller electric charge of b quark (note that the γγ → H 2 amplitude depends on e 2 q ). For our choice of parameters, the bottom quark contribution turns out to get significant only for tan β ≥ 10, and can be safely neglected for tan β < ∼ 10. On the other hand, the cross section for γγ → H 2 is enhanced almost by an order of magnitude when the chargino loop contributions are included. The chargino loop contributions to γγ → H 2 can not be ignored at all, if charginos are not very heavy. This is true even if we set M 2 << |µ| so that the wino-Higgsino mixing is not large. Still the lighter charginos are light enough (M 2 = 150 GeV for our parameter set) and the loop contribution is important. Also because of the 1/ tan β suppression factor for the top loop, the chargino loop contribution becomes more important for larger tan β. Finally, as the M 2 increases, the lighter chargino becomes heavier and the chargino loop contribution decreases rather quickly due to the decoupling theorem. Since the chargino mass arises dominantly from SUSY breaking rather than from electroweak symmetry breaking, the decoupling of the chargino loop contribution is more effective than the top loop contribution. Also, the couplings Im(κ 2 jj ) decrease more quickly as functions of tan β compared to the loop functions as M 2 increases. Therefore, the difference between the cross sections for tan β = 3 and tan β = 10 increases as M 2 increases.
In Fig. 2 , we show the cross section for γγ → H 2 as a function of arg(A t ) for tan β = 3 (on the left side) and tan β = 10 (on the rigth side), respectively. The solid (the dash-dotted) curves represents the case with (without) the chargino loop contributions. For arg(A t ) = 0
• (or 180 • ), the cross section is strongly enhanced by the chargino loop contributions as discussed in the previous paragraph. As arg(A t ) is turned on, the cross section is significantly enhanced even without the chargino loop contributions. This is because all the charged particles including bosons begin to contribute in the presence of CP violation in the Higgs sector. The dash-dotted curves strongly depend on arg(A t ) for the following reasons. First of all, the stop masses and the mixing angles depend on arg(A t ) very sensitively. Note that the stop masses have the LR mixing term m (2)], the A t phase affects the CP mixing through Im (A t µ) and the stop masses in Eq. (2) . Also once CP is broken in the Higgs sector, all the charged particles including bosons as well as fermions contribute to γγ → H 2 . Therefore the stop loop contribution will depend on arg(A t ). Still the dominant contribution comes from the chargino loops (see the solid curves in Fig. 2) . The net result depends on arg(A t ) rather mildly, mainly through the arg(A t ) of the CP-odd and CP-even Higgs mixing.
Also note that the sensitivity of the cross sectionσ 0 (γγ → H 2 ) to arg(A t ) decreases as tan β increases. This tendency can be understood by the strong phase dependences of stop masses, since stop loops contribute to (i) the mixing of the CP-even and the CP-odd Higgs bosons, and (ii) the loop diagrams. The scalar-pseudoscalar mixing is typically characterized by
whose tan β dependence is negligible for 3 ≤ tan β ≤ 10 [ see Eq. (2) ]. Also the stop mass eigenvalues are sensitive to the CP phase arg(A t ) when |A t | = |µ|/ tan β due to the LR mixing (tan β = 3 for our parameter set |A t | = |µ|/3 = 0.4 TeV). The CP mixing would be a decreasing function of tan β for tan β ≥ 3, and the stop masses are less sensitive to CP phase arg(A t ) for the larger tan β = 10. Therefore, the phase dependence of the mixing would be a decreasing function of tan β for tan β ≥ 3. Another dependence of the cross section on arg(A t ) originates from the stop masses in the loop, which is sensitive to the phase arg(A t ) in our choice of SUSY parameter set. In other words, tan β-dependence of the phase sensitivity comes dominantly from the stop masses as in the CP-even and CP-odd Higgs mixing. Therefore, the cross section depends on the phase arg(A t ) less sensitively when tan β becomes larger for our parameter set. Finally, the heavier Higgs boson (H) is also strongly affected by the CP mixing, since it can have a large mixing with the CP-odd scalar A. The discussions for H will be similar to those for A, and will not be repeated.
In Figs. 3 and 4 , we show that the cross sectionsσ 0 (H i ) (i = 1, 2, 3) in units of fb for five different A t phases; arg(A t ) = 0
• (thick solid curve), 40
• (dash-dotted curve), 80
• (dashed curve), 120
• (dotted curve) and 160
• (solid curve) for tan β = 3 ( Fig. 3 ) and tan β = 10 (Fig. 4) . We present two different cases: without the chargino loop contributions (the left column) as in Ref. [14] and with the chargino loop contributions (the right column) with M 2 = 150 GeV for which Mχ− 1 = 146 (148.2) GeV for tan β = 3 (10) . The chargino contributions to γγ → H 1 is negligible, since M H 1 is far below the chargino pair threshold 2Mχ− 1 for our parameter set. On the other hand, two heavier Higgs productions are affected by chargino loops by significant amounts, and we can observe rich structures in the production cross sections due to the interference of all the charged particles' contributions. For example, the production cross sections for γγ → H 2 without the chargino loop contributions (the left columns of Figs. 3 and 4) have only a single peak at the point M H 2 = 2m t for arg(A t ) = 0
• . If the chargino loop contributions are included (the right columns), the production cross sections have two comparable peaks at the point M H 2 = 2Mχ− 1 (lighter chargino) and M H 2 = 2m t in the CP-conserving limit. As the CP violating phase arg(A t ) increases, the cross sectionσ 0 (γγ → H 2 ) starts to get extra contributions from the charged boson loops (involving sfermions, the charged Higgs-boson and the W -boson pairs) due to the mixing between the CP-odd and the CP-even neutral Higgs bosons.
For a larger tan β = 10 ( Fig. 4) , there appear three qualitative differences compared to the lower tan β = 3; the effect of bottom quark loop contribution, the dominant chargino loop contributions, and the interchange of the CP-properties of the neutral Higgs bosons.
• Since the bottom quark Yukawa coupling (to the CP even Higgs boson) is proportional to 1/ cos β, the bottom quark contribution can be significant in the region of large tan β. For arg(A t ) = 0 • , the CP-odd Higgs boson H 2 has pseudoscalar couplings to top and bottom quarks, where the coupling of H 2 to top (bottom) quark is proportional to cot β (tan β) [ see Eqs. (B1) and (B2) of the Appendix B ]. Furthermore, there are additional differences from different electric charges of top and bottom quarks, since the γγ → H i amplitudes depend on e 2 q , which are (2/3) 2 vs. (−1/3) 2 for (s)top and (s)bottom, respectively. On the other hand, the loop functions have weaker tan β-dependences. For our parameter set, it turns out that the bottom quark contribution begins to dominate the top quark contribution when tan β ∼ 10, and can be neglected for tan β < 10.
• In the CP conserving limit, the chargino contribution to γγ → A is dominant over the top quark contribution, since the latter is suppressed by 1/ tan β relative to the former, even if we assume the mixing angles in the chargino sector are O(0.1). This is the reason why the top quark contribution decreases more quickly than the lighter chargino contributions as tan β increases in Figs. 3 and 4.
• The final point is the interchange of the CP properties of the heavier Higgs bosons H 2 and H 3 for large arg(A t ) and large tan β = 10. Since there are only fermion contributions to the CP-odd Higgs production, i.e., two peaks at M H i = 2Mχ− 1 and 2m t , we can find from Fig. 4 that H 3 for arg(A t ) = 160
• has the same CP-odd property as H 2 for arg(A t ) = 0
• . This can be checked even more easily by using the polarization asymmetry A 3 which is +1(−1) for a CP-even (CP-odd) Higgs boson, as discussed below in relation with polarization asymmetries (Figs. 5-7 ).
The importance of chargino loop contributions for H 3 production is also similar to the case of H 2 production as discussed above, and we will not repeat it again.
The number of events is determined by the combination of the luminosity and the cross section for γγ → H 2 . Although the photon beam luminosity depends on many parameters, if one only consider the high energy part of the generated photons, the 0.3 conversion factor and the comparable photon spot size to electron beam, the approximate luminosity of γγ collider [21] is
where L ee geom is the luminosity of e + e − collider. Taking 100 fb −1 as a nominal integrated luminosity in the γγ mode, we can infer from Figs. 3 and 4 that the maximum number of events for the CP-odd Higgs boson is approximately 100 (10) per a year for tan β = 3 (tan β = 10), when the unpolarized cross section does not contain chargino-loop contributions. However, the chargino-loop contributions enhance the maximum number of events as approximately 880 (710) for tan β = 3 (tan β = 10). Hence, the chargino loop contributions for the production of the would-be CP-odd Higgs boson can be significant at the γγ collider for larger tan β.
In Fig. 5 , we show three polarization asymmetries of H 2 as functions of arg(A t ) for tan β = 3 (the left column) and tan β = 10 (the right column). As in Figs. 1 and 2 , we set M H + = 300 GeV so that M H 2 = 291 (290) GeV for tan β = 3 (10), respectively. The case with (without) the chargino loop is represented by solid (dash-dotted) curves. We have fixed M 2 = 150 GeV as before. The polarization asymmetries A i (Φ)'s satisfy the following relations:
where Φ = arg(A t µ) + ξ with ξ = 0. Namely, A 1,2 are CP-odd observables (antisymmetric about Φ = 180 • ) and A 3 is a CP-even observable (symmetric about Φ = 180 • ). Note that the chargino loops not only enhance the cross section but also affect the polarization asymmetries by significant amounts.
In Fig. 6 , we show the polarization asymmetries A a (H j ) as functions of the neutral Higgs masses for arg(A t ) = 0
• , 40
• , 80
• , 120
• and 160
• with tan β = 3, including all the charged particles in the loops. The lightest Higgs boson H 1 still behaves like a CP-even scalar, since −0.03% < ∼ A 1 ≤ 0, 0 ≤ A 2 < ∼ 0.4%, and A 3 ≃ 1. On the other hand, the heavier H 2 and H 3 are generically admixtures of CP-even and CP-odd states if the phase of A t does not vanish. For H 2 and H 3 , chargino, top and stop loops give main contributions to the asymmetries above the chargino-pair threshold, but the chargino and W ± loop contributions affect them below the chargino-pair threshold.
In Fig. 7 , we present the polarization asymmetries for tan β = 10. Again, the lightest Higgs boson H 1 behaves like a CP-even scalar for the larger tan β, since −0.1% < ∼ A 1 ≤ 0, 0 ≤ A 2 < ∼ 0.3%, and A 3 ≃ 1. If tan β becomes larger, the top (stop) loop contribution is accompanied by the bottom (sbottom) contribution to the polarization asymmetries of the heavier Higgs bosons H 2 and H 3 . Fig. 7 indicates that as the CP violating phase arg(A t ) increases for the case of large tan β, the value of the asymmetry A 3 of H 2 approaches that of H 3 at arg(A t ) = 0
• and vice versa, i.e., the CP-properties of the heavier Higgs bosons H 2 and H 3 are interchanged.
¿From Figs. 6 and 7, the polarization asymmetry A 2 (H 1 ) is the most sensitive CP observable in detecting the CP violation of the lightest Higgs boson for both small and large tan β, when the chargino contributions are included. This result is different from the first paper of Ref. [14] , where charginos are neglected by assuming they are very heavy, and thus A 2 (A 1 ) is the most powerful CP observable for tan β = 3 (tan β = 10). Unfortunatey the aysmmetry itself is very small so that it would not be easy to find nonzero A 2 (H 1 ). Still asymmetries for heavier neutral Higgs bosons can be sizable and can be used as a probe of Higgs sector CP violations if they can be produced with high statistics at NLC. Therefore, we need to prepare the colliding photon beams with large linear polarizations as well as high center of mass energy √ s γγ in order to produce neutral Higgs bosons and determine their CP properties in a model independent manner.
V. CONCLUSIONS
In this work, we presented a complete analysis of the neutral Higgs boson production through γγ → H i=1,2,3 in the presence of the Higgs sector CP-violation of the MSSM. In particular, we have included the chargino loop contributions as well as the contributions from squarks, W 's and charged Higgs particles. In many scenarios of SUSY breaking, charginos are not too heavy that their effects are generically important. First of all, the production of the would-be CP-odd H 2 boson is enhanced by an order of magnitude when chargino loop contributions are included even without the Higgs sector CP violation. If the phase of the A t parameter is turned on, CP violations in the Higgs sector become very rich in the structures. This is also true of the case of the heaviest Higgs boson H 3 . Also the polarization asymmetries are affected by the Higgs sector CP violation.
If the A t parameter has a large CP violating phase, its effects can appear in various physical observables: the Higgs sector CP-violation as discussed in this work, and also the direct CP violation in B → X s γ [22] , for example. Since the latter is an indirect signature, it is important to probe SUSY CP violation in a direct way. Thus it is important to probe CP violation from the soft SUSY breaking sector such as arg(A t ) in the Higgs sector CP violation by using γγ colliders as discussed in this work. In this regards, the γγ mode at NLC with high √ s γγ and luminosity, and high quality beam polarizations will be indispensable for this purpose by measuring the cross sections of γγ → H i (i = 1, 2, 3) and three asymmetries A a (H j ) (a, j = 1, 2, 3) in the MSSM.
Note that the mass eigenvalues and the mixing angles depend on the CP violating phases ξ and θ µ . The stop (mass)
The stop mixing angle θt is
The relations between the mass and the weak eigenstates of stops are given bỹ
where βt = − arg(m
tLR
). The mass eigenvalues of the lighter and heavier stops are
Note that m
is dependent on the CP violating phases, arg(A t ) and arg(µ) due to m 2 tLR in Eq. (A15).
APPENDIX B: RELEVANT COUPLINGS
In this sections, we list the couplings relevant to γγ → H i that appear in Table 1 .
• Higgs-fermion-fermion couplings:
Here the matrix O diagonalizes the Higgs mass matrix as in Eq. (5). In the presence of Higgs sector CP violation, the Higgs bosons couple with both CP-even and CP-odd bilinears,ff andf γ 5 f , simultaneously.
• The Higgs-W -W couplings are determined by the gauge couplings:
• The Higgs-sfermion-sfermion couplings:
The matrix U f diagonalize the sfermion mass matrix:
The indices α and {β, γ} label the three neutral Higgs bosons (a, φ 1 , φ 2 ) and the sfermion chiralities {L, R}, respectively. The explicit expressions forC f α;βγ can be found in Ref. [23] .
• The H i − H + − H − couplings are determined by the Higgs potential. If we define
then the couplings C i are given by [14] FIG. 5. The polarization asymmetries A 1 , A 2 and A 3 without (dash-dotted curve) and with (solid curve) chargino loop contributions as functions of arg(A t ). We take the parameter set (20) and M H + = 300 GeV. The left (right) figure is for tan β = 3 (tan β = 10). 
TABLES
F 1 (τ ) 2 + 3τ −1 + 3τ −1 (2 − τ −1 )f (τ )
